Introduction
In order to increase the sustainability of metals, a more detailed understanding of the corrosion process is of crucial importance. Till now corrosion was often consider as a purely chemical interaction with an exclusive dependence on compositional effects, while ignoring microstructural and crystallographic properties of the metal surface [4] [5] [6] [7] [8] [9] [10] [11] . Some recent literature data, however, suggest an important effect of microstructural elements such as grain size, crystallographic orientation and grain boundary characteristics features on the electrochemical behavior [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
Thermomechanical processing can be used to change to a certain extent the microstructure of different metals; change their texture or to control the length fraction and type of grain boundaries. This microstructural changes could potentially enhance and increase the durability of the materials. However, before these "engineered materials" can be developed, it is necessary to fully understand the local electrochemical behavior and how this is related with the different microstructural parameters.
The aim of this work is to obtain a better understanding of the relation between the corrosion behavior of a metal and its microstructural variables. The grain dependent electrochemical behavior of polycrystalline copper was confirmed by using several local electrochemical techniques. The results presented in this work summarize the influence of the crystallographic orientation on the active dissolution of copper observed with different individual methods [1] [2] [3] . The overall conclusions are drawn from both ex situ Atomic force microscopy (AFM) measurements and in situ Scanning electrochemical microscopy (SECM) experiments in combination with EBSD imaging. Electrochemical Scanning tunneling microscope (EC-STM) was used to visualize the differences in intergranular corrosion at different grain boundaries.
Experimental

AFM experiments
Cast ETP-Cu was obtained from Aurubis ® (Belgium). The first step is to apply a hot rolling at 350 °C (75% thickness reduction) in order to change the as-cast microstructure to a completely new recrystallized one. For the AFM measurements, a subsequent cold rolling was applied (80% thickness reduction) followed by an annealing treatment of 60 min at 250 °C. Subsequently, the material was mechanically ground and polished, finishing with 1 µm diamond paste. The sample was then immersed during 210 min in 0.1 M NaCl. Subsequently, AFM topography measurements were performed using a Veeco CP II system. To obtain a suitable surface preparation for EBSD, a final electropolishing step (10 V, 10 s) in a phosphoric acid electrolyte was necessary.
Use of Local Electrochemical Methods (SECM, EC-STM) and AFM to
SECM experiments
For the SECM experiments a bigger grain size adapted to the lateral resolution of the system was necessary. The hot rolling samples were annealed for 24 h at 800 °C. Subsequently, the material was grinded and polished, finishing with 1 µm diamond paste. Prior to the SECM measurements, the texture of the polycrystalline copper samples was characterized by EBSD. A final electropolishing step (10 V during 10 s) in a phosphoric acid electrolyte was necessary.
The selected working mode was feedback mode, using ferrocenemethanol as an electrochemical mediator. Operating in this mode it is possible to distinguish different electrochemical reactivity of the surface. The oxidation of Fe(II) to Fe(III) from the electrochemical mediator is the selected reaction at the micro electrode. The tip current at the proximities of the metal surface is a function of the nature of the substrate, making it possible to distinguish more or less active areas (grains). In the case of a not active grain, the current at the tip will be lower than the limiting current measured at the bulk of the solution (negative feedback). This in contrast to the proximities of an electroactive surface (grain being actively corroded), for which the current at the tip will increase, since the substrate is able to regenerate Fe(II) from the reduction of Fe(III) formed at the microelectrode and hence induces a redox cycling leading to a positive feedback. Two different experiments were performed: Copper in active dissolution state, and passivated copper. A 10µm tip electrode was used in both cases. The size of the SECM microelectrode, the mapping rate and dimensions were carefully selected to reach a good compromise between adequate spatial resolution and sufficiently fast scans to monitor the reactivity of copper during its fast dissolution.
SECM measurements of copper in active state were performed in 5 mM NaCl solution containing ferrocenemethanol as the electrochemical mediator. The sample was maintained at OCP.
For the SECM measurements in the passive state the sample was used as a secondary working electrode, this was necessary in order to do the electrochemical characterization and passivation of the sample. The passivation of the sample was performed in 0.1 M NaOH solution. Before forming the passive layer, the native oxide layer was reduced by scanning the potential in the cathodic direction till -1.5 V vs Ag/AgCl. The sample was then passivated by polarizing during 30 min at +0.1 V vs Ag/AgCl. After passivation, the electrolyte was removed and the cell was thoroughly cleaned with bidistilled water. After cleaning, the cell was filled with a sodium hydrogen orthophosphate/sodium hydroxide buffer solution (pH=12) containing 5 mM ferrocenemethanol as a mediator and experiments on the feedback mode were performed.
ECSTM experiments
For the study with ECSTM, a suiFig. grain size for the STM field of view was of great importance. Cryogenic deformation, previously proposed to produce microcrystalline or nanocrystalline materials [23, 24] , was used. The samples were prepared by cryogenic rolling after cooling the sample with liquid nitrogen. The final reduction of the sample thickness was 91%. After this mechanical treatment, the samples were annealed for 1 min at 200 °C. These parameters were carefully selected in order to ensure full recrystallization of the grains while maintaining a suitable grain size for the field of view of the ECSTM scanner (10 µm × 10 µm). The surface was prepared by mechanical polishing with diamond paste down to 0.25 µm grade followed by electrochemical polishing in 60% orthophosphoric acid during 4 min at 1.4 V versus a copper electrode.
EBSD
The EBSD system is attached to a Field emission scanning electron microscope (FE-SEM) operated at 20 kV. Measurements were carried out with a step size selected according to the grain size of the different samples. The orientation data were post-processed with the commercial orientation imaging software package OIM-TSL®. The orientation images are represented as inverse pole figure (IPF) maps, i.e. the color of each grain represents the crystal orientation that is parallel to the sample surface normal (ND).
Resutls and Discussion
With the Atomic force microscopy (AFM) in combination with Electron backscatter diffraction (EBSD) relation between grain orientation and dissolution rate were observed [1] . The surface topography of the copper samples was visualized with AFM after exposure to different electrolytes; this allowed evaluating height differences between differently oriented grains. The corresponding crystallographic orientation data were obtained by EBSD. A large height difference is observed on the topographic map when adjacent grains have near <111> // ND (grains A, B and C) and <001> // ND orientation (grains D and E), with the <111> // ND orientations showing a higher dissolution rate. This is nicely illustrated with the line scan across grains D, B, E and C (Fig. 1c) which clearly shows the distinct dissolution rates between the differently oriented grains. The height profile along line 2, Fig. 1d , doesn't show significant differences between the grains. In this case both grains F and C with orientations close to <111> // ND and <001> // ND show similar surface levels, also similar to the surrounding grains. In this case <111> // ND and <001> // ND don't appear next to each other in the microstructure. If we compare the height levels for both <001>//ND grains E and F, E shows a mean height value around 420 nm and F around 300 nm confirming that the surrounding grains can play a decisive role on the corrosion rates.
This observation was further confirmed by means of SECM working in feedback mode [2] . Fig. 2 , shows the combined inverse pole figure (IPF)/image quality (IQ) map and corresponding SECM normalized current map. Fig. 2b observes that current values in the whole area are higher than the limiting current (which is 1 for normalized current). This indicates that the surface of copper is electrochemically active which is expected since copper is easily corroded in NaCl. In Fig. 2b a higher current at the tip is measured above the grains B and C which are <111> // ND oriented grains, these grains have a neighboring grain which is nearly <001> // ND oriented, the grain configuration in this case is very similar to the one observed along line 1 in Fig. 1 . It is also interesting to notice that grains F and E are both <001> // ND oriented grains, but the measured current is lower for the grain E which is completely surrounded by <111> // ND oriented grains. On the other hand the grain marked as F shows a higher current and in this case it is predominantly surrounded by grains with different orientations than <111> // ND. This behavior can be described as if depending on the surrounding grains a grain may partially change its electrochemical behavior. As an example, if we have two grains interconnected on the copper surface, the partial anodic exchange current will be given by the grain with the ''lower electrode potential'' or more ''anodic grain'', while the partial cathodic exchange current will be given by the ''more noble grain'', or the grain with the ''higher electrode potential''. If on a different area, the exact same ''anodic grain'' is now surrounded by ''highly anodic grains'' it is possible that the nature of this grain will partially change to act as the ''cathode''.
The lower current observed at grain E in Fig. 2 .b could be a consequence of the ''more anodic'' surrounding grains <111> // ND, which are dissolving preferentially. In a way this could be seen as a similarity with the cathodic protection of metals; i.e if two metals are connected, the metal with the more negative electrode potential (anode) will corrode preferentially, protecting the other metal from corrosion. In this example, the grains B and C (<111> // ND) could be seen as the anode, being the grain E (<001> // ND) under cathodic protection.
Heterogeneities of the passive layer formed on adjacent grains with near <001> // ND and <111> // ND were also observed by means of SECM measurements [2] . Fig.3b shows selected SECM maps after formation of a passive oxide and corresponding EBSD image Fig. 3a . The SECM map after the passivation treatment shows currents under the limiting current value, which is expected for a passive surface. Furthermore a correlation between grain distribution and measured reactivity on the SECM map by comparing Fig. 3a and Fig. 3b can be observed. The grain with an orientation closer to <111> // ND (tilted 19° from the elementary index planes) shows a lower current compared to the grain which orientation is closer to <001> // ND (tilted 18° from the elementary index planes), which confirms that grain orientation has an influence on the electrochemical reactivity of the passive layer generated on top. Passive layer with underlying <111> // ND oriented grain presented a higher insulating or non-active behavior than the layer formed on <001> // ND oriented grain.
In order to verify that the measured currents in Fig.  3b are related to the passive layer, an additional experiment was carried out. The sample was cathodically polarized till -1.4 V to force the reduction of the previously formed passive layer. Then a new SECM map on the same area was measured, showing normalized currents that are slightly higher than the limiting currents confirming that the non-active layer was partially reduced making the copper surface active again (see Fig. 3c ). Even though the tip current differences between the two grains are not as great as when covered with the passive layer, a difference in current can still be seen, and the current above the <111> // ND oriented grain is lower, suggesting that the passive layer that was covering this grain was less easily reduced than the passive layer formed on the <001> // ND oriented grain.
It has been reported that the anodic oxide film on copper has a p-type [25, 26] semiconductor behavior, where the electrons migrate to the surface from where they can react with an unoccupied (acceptor) state in the electrolyte, e.g. the oxidized form of ferrocenemethanol in our case. The electron-transfer between the electrochemically passivated surface and outer redox intermediates is considered to happen through an electron-tunneling controlled process [27] . The differences in the measured current are consequently due to a difference in the direct tunneling of the electrons through the oxide. This difference can be due to a thicker passive layer formed on the <111> // ND oriented grain or due to differences of the crystallinity or defect density of the passive layer that were previously reported [28] . It is well known that the grain boundary type has a big influence on the intergranular corrosion behaviour of a polycrystalline material [29] . A special boundary is one that has better corrosion properties compared to a random boundary. These special boundaries are known as coincident site lattice boundaries (CSLs) and are represented by Σ. Some authors claim that apart from Σ3 boundaries, the properties of CSLs in polycrystals are not different from those of random grain boundaries [30] . Moreover, it was demonstrated that Σ3 boundaries do not necessarily have good corrosion resistance properties. In 304 stainless steel, only coherent twin boundaries, Σ3 boundaries with a (111) grain boundary plane, were found to be resistant to intergranular corrosion [31] .
In situ EC-STM was used to visualize the susceptibility to intergranular corrosion of different types of grain boundaries of a microcrystalline copper in HCl [3] . Anodic potentiodynamic polarization were performed in order to induce dissolution of the copper metal and to produce intergranular corrosion, the surface evolution was followed and compared after several anodic cycles. Fig. 4 shows the sample topography after one (Fig. 4a ) and four (Fig. 4b) anodic scans. Two straight grain boundaries (marked by green arrows) can be seen together With several curved grain boundaries. The evolution of the different grain boundaries is followed by cross section analysis. A considerable attack is observed for the curved grain boundary (height profile 2, Fig. 4d ). The magnitude of intergranular corrosion is determined by both the penetration at the grain boundary and the dissolution at the surface of the grains that form the grain boundary. In this case, a significant depth penetration is measured. Fig.  4 .c shows a height profile across the two straight grain boundaries. There is no indication of intergranular corrosion, since both profiles (obtained before and after anodic dissolution) are similar.
It was already discussed by several authors that when parallel sided grain boundaries appear on a microstructure, like the grains boundaries marked by green arrows in Fig.  4 , these grain boundaries are most likely coherent twins [32] . In order to confirm this assumption, an area of 5050 mm 2 was studied by EBSD to determine the different morphologies of the grain boundaries. Among 227 grain boundaries, only one straight grain boundary was found to be a random high angle boundary. All other straight boundaries were found to be Σ3. On the other hand, when looking at the Σ3 boundaries, it was found that around 50% of them are straight and 50% are curved. It can be then concluded that a straight grain boundary has a very high probability to be a coherent twin boundary and that a curved grain boundary can be cataloged either as random high angle boundary or non coherent twin boundary. Consequently, the results presented provide direct evidence that the coherent twins grain boundaries (straight grain boundaries in Fig.  4 ) are resistant against corrosion while non coherent or random grain boundaries (curved grain boundaries in Fig.  4 ) are more susceptible to intergranular corrosion.
Conclusions
The grain-dependent electrochemical behavior of polycrystalline copper and the different intergranular corrosion performance of different grain boundaries was confirmed by using several local electrochemical techniques [1] [2] [3] . The results presented confirm the influence of the crystallographic orientation on the active dissolution of copper, these conclusions are drawn from both ex situ AFM measurements and in situ SECM experiments in combination with EBSD imaging. It was observed that under certain circumstances, not only the grain orientation has an influence on the corrosion behavior but also the orientation of the neighboring grains seems to play a decisive role in the dissolution rate. This corrosion differences are likely attributed to the different anodic/cathodic nature of the differently oriented grains and to the coupling effect when they appear together in the microstructure.
Previously reported differences of the thickness and morphology of the passive layer formed on Cu (100) and Cu (111) monocrystals in NaOH were confirmed, by means of SECM, to have a direct influence on the insulating properties.
For the first time to our knowledge, the EC-STM was used to visualize the differences in intergranular corrosion at different grain boundaries. This technique allows mapping the copper surface in a very precise manner and in this way changes on the surface at the sub-micrometer scale can be clearly visualized. While copper dissolution is clearly detected at random high angle grain boundary or at non-coherent twin boundaries, coherent twins are proved to be highly corrosion resistant.
